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FOREWORD

This report is submitted in accordance with Article II, Para-
graph D, of Contract NAS7-754 dated 24 July 1969. This is Volume
I of two volumes. This volume covers the period from 24 July 1969
to 15 April 1970. The second volume will cover the period from
April 1970 to November 1970.

Information on the compatibility of both metals and nonmetals
with nitrogen tetroxide, oxygen difluoride, diborane, monomethyl-
hydrazine, and nitrated hydrazine propellants was compiled to aid
in evaluating and selecting materials for the propulsion subsystems
of interest. This information is included in two separate reports,
published during the July 1969 to April 1970 period (Ref III-54
and III-55).

The following Martin Marietta personnel made technical con-
tributions to this study: Thomas J. Cassidy, Glenn F. Holle,
James R, Tegart, Preston E. Uney, Dennis E. Gilmore, Daniel L.
Balzer, G. Robert Page and David N. Gorman. Task Leaders were:
Dale A. Fester, Thomas R. Barksdale, and John E. Andersom.

The work is being administered under the technical direction
of Mr. Robert Lem of the Jet Propulsion Laboratory. Mr. Howard
.. Paynter, Subsystems Technology Section Chief, Propulsion Re-
search Department, is the Martin Marietta Program Manager.
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SUMMARY

The contractual program is being conducted in two separate
phases. During Phase I, the utility of current propellant acqui-
sition techniques was investigated and the best acquisition, pres-
surization, and tankage propulsion subsystems were selected for
Mars and Grand Tour spacecraft. Detailed analyses and design of
the selected acquisition systems will be performed in Phase II.
The three baseline missions include two l-yr Mars Orbiter mis-—
sions and a 10-yr Grand Tour mission to the outer planets. The
space storable propellants OF, and B,Hg are used for one Mars
orbiter, while the second uses N,0, and CH3NoH3 (MMH) earth stor-
ables. A nitrated hydrazine monopropellant is employed for the
Grand Tour spacecraft.

Results of the Phase I system evaluation and selection are
presented in this volume. Detailed information on current pro-
pellant acquisition techniques is included. Evaluations of pro-
pellant acquisition techniques, propellant tank configurations,
and helium versus nitrogen stored-gas pressurization are pre-
sented for each of the three reference missions. Surface tension
devices are clearly shown to be the best propellant acquisition
concept for all three missions. For both Mars orbiters, a two-
spherical propellant tank configuration is preferred; for the
Grand Tour, the single tank should be spherical. Helium pressur-
ant provides advantages over nitrogen for both of the separately
stored Mars orbiter systems and for the Grand Tour blowdown pres-
surization system. The results presented also show that the Mars
orbiters should employ a single pressurant storage sphere with
helium stored at the nominal propellant temperature and an ini-
tial pressure of 4000 psia.

He
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SYMBOLS
acceleration, ft/sec?
effective bellows area, ft2
dome height, ft
inside height of liner dome, ft
Bond number, dimensionless
constant or correction factor, dimensionless
distance, ft
settling distance, ft
diameter, ft
voltage, volts
modulus of elasticity, psf
thrust, 1bf
bellows spring force, lbf
polarization force, lbf
Earth gravitational acceleration, 32.17 ft/sec?
liquid height, ft
cone height, ft
field intensity, volts/ft
specific impulse, lbf—sec/lbm
total impulse, lbf—sec
dielectric constant, dimensionless

bellows spring rate, lbf/ft
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L length, ft

L tank length or characteristic dimension, ft
m mass of propellant, lbm

M spacecraft mass, lbm

P pressure, psfa

Pb burst pressure, psfa

APC capillary retention pressure differential, psf
APCr critical buckling pressure differential, psf
APe entrance pressure loss, psf

APf flow pressure loss, psf

APh hydrostatic pressure differential, psf

APV static pressure reduction due to flow, psf

T tank radius, ft

rd radius of spherical dome segment, ft

r, inside radius of liner, ft

rm maximum cone radius, ft

R pore radius, ft

Ry1.Rp principal radii of curvature, ft

RS radius of curvature for spherical interface, ft
S operating stress, psf

SCr critical buckling stress, psf

Su ultimate stress, psf

t settling time, sec

t total rocket operating time, sec
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velocity, fps

tank volume, £t3

volume
volume
volume

weight

of

of

of

of

cylinder, ft2
cylinder with hemispherical domes, ft3
sphere, ft3

cylindrical barrel section, 1b
m

cylinder liner weight, lbm

weight of cylinder with hemispherical domes, lbm

dome liner weight, lbm

weight of sphere, lbm

wall thickness, ft

wall thickness of cylinder, ft

wall thickness of sphere, ft

bellows displacement from null position, ft

kinematic surface temsion (o/p), ft3/sec?

permittivity, farads/ft

permittivity of vacuum, farads/ft

permittivity gradient, farads/ft

liquid-to-solid contact angle, deg

Poisson's ratio, dimensionless

density, 1bm/ft3

liquid/gas surface tension, lbf/ft

settling factor, dimensionless

AV
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cone angle, deg

angle of divergence, radians

gas

liquid
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I. INTRODUCTION

The problems associated with propellant orientation and con-
trol during zero g (near-weightlessness) are well publicized in
the literature (Ref I-1 to I-4). During the coasting, unpowered
"phases of a space mission, drag forces acting on the spacecraft
tend to position the heavier liquid propellant at the forward
end of the tank, and the lighter ullage gas over the tank outlet.
Therefore, a method for maintaining propellant at the tank outlet
is required so that gas-free liquid is available to the rocket
engine on demand. The propellant acquisition subsystem provides
this method.

The investigation of space storable propellant acquisition
devices is being conducted in two phases. During the first phase,
current (developed or under development) propellant acquisition
methods were evaluated and compared for possible application to
spacecraft missions to Mars and the Grand Tour of outer planets.
This study phase concluded with selection of the best propellant
acquisition, pressurization, and tankage combination for each of
the baseline missions. The propellant acquisition device was key
in this selection. Results of the first phase are presented in
this report. During the second phase of the contractual study,
the propellant acquisition subsystem will be designed and analyzed.
The results of the second phase will be summarized in the second
volume of the final report to be published at a later date.

The study approach for Phase I which included five major tasks
is presented in Figure I-1. The program objectives, mission cri-
teria, and design guidelines, are discussed in Chapter II. During
Task I, a preliminary rating system was formulated to compare the
different propellant acquisition subsystems. An extensive survey
was conducted early in the program to collect background informa-
tion and data on propellant acquisition concepts. The survey in-
cluded 1”terature searches, personal contact with government
agencies, aerospace companies and vendors. This survey effort
did not uncover any new propellant acquisition methods except
for the capillary/bellows device conceived under the recently
completed NASA program, Contract NAS9-8939 (Ref I-5). The capil-
lary/bellows device was evaluated further in this study under
Task VIII.
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As shown in Figure I-1, Task II was used to compile background
information, design criteria and operational characteristics of the
three propulsion subsystems. These data, along with the preliminary
rating technique (Task I), were used in the comparative evaluation
conducted during Task III. Based upon these comparisons, the best
integrated propulsion subsystems were selected in Task III. The
preferred systems were evaluated further in Task IV against possible
changes to the baseline Mars and Grand Tour missions. The selected
systems were recommended to JPL for approval (Task V).

As mentioned, program objectives, mission criteria and study
guidelines are presented in Chapter II. The propellant acquisi-
tion devices evaluated during the study are discussed in Chapter
IIT, and the pressurization system analysis is included in Chap-
ter IV. Tank designs and packaging of the propulsion systems are
presented in Chapter V, and the comparative evaluation of the pro-
pulsion subsystems and selection of the preferred systems are de-
tailed in Chapter VI. A qualitative discussion of the influence
of possible changes in the baseline mission requirements on the
selected systems is presented in Chapter VII. Recommendations and
conclusions for this first phase of the study are discussed in
Chapter VIII.
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II. PROGRAM OBJECTIVES, MISSION CRITERIA AND STUDY GUIDELINES

A. PROGRAM OBJECTIVES

The program objectives were to investigate the utility of
current (developed or under development) propellant acquisition
methods and to select and recommend the best propellant acquisi-
tion, pressurization, and tankage subsystem combination to satisfy
each of the baseline Mars and Grand Tour missions. The recom-
mended propellant acquisition subsystem, with JPL approval, will
be designed and analyzed during the second phase of the program.

B. MISSION CRITERIA

The baseline planetary missions are designated as Missions
Ay, Ay and B. The latter is the multiple planet mission, Grand
Tour, while A; and A, are Mars missions. The Viking spacecraft
propulsion system envelope shown in Figure II-1 was used for the
Mars missions, and the propulsion system envelope shown in Figure
IT1-2 was used for the Grand Tour mission. The corresponding en-—
velope gross volumes are 198 and 22 cu ft, respectively. Addi-
tional baseline mission criteria are presented in this section.

1. Mission Description and Engine Duty Cycle

Mission A; and A, ~ The Mars Orbiter Mission includes a ground
hold of 30 days (maximum) prior to launch aboard the Titan IIID/
Centaur. Transit time to Mars is 180 days followed by insertion
into a 24-hour elliptical Mars orbit. The maximum Mars orbiting
requirement is 90 days. The propulsion events are presented in
Table II-1. There are two midcourse corrections, the orbit in-
sertion, and as many as three orbit trims. The .percent of loaded
propellant expended during each engine burn is presented in the
table. Mission acceleration environments are shown in Table II-2.
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Table II-1 Propulsion Event Sequence

Missions A; and A,

PROPELLANT LOAD
EVENT EXPENDED EVENT TIME
(%) (DAYS)
First midcourse 0.6 Launch (L) + 5
Second midcourse 0.6 L + 160
Orbit insertion 95.0 L + 180
First orbit trim 1.3 L + 181
Second orbit trim 1.2 L + 225
Third orbit trim 1.3 L + 270
Mission B
PROPELLANT LOAD
EVENT EXPENDED EVENT TIME
(%) (DAYS)
Postlaunch 10.00 Launch (L) + 10
Pre-Jdupiter 2.22 L + 493
Post-Jupiter 5.49 L + 531
Pre-Saturn 3.93 L + 1087
Post-Saturn 234,15 L + 1116
Pre-Uranus 10.89 L + 2310
Pre-Uranus 4.15 L + 2331
Post-Uranus 20.73 L + 2360
Pre-Neptune 8.44 L + 3272
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Mission B — The Grand Tour Mission may include flybys of Ju-
pité?:~§aturn, Uranus and Neptune; the total mission time is ap-
proximately 3500 days. The nine propulsion events are presented
in Table II-1. The first course correction maneuver occurs ten
days after launch, while the last engine burn (pre-Neptune) takes
place 3272 days after launch. The percent of loaded propellant ex~-
pended during each engine burn is presented in the table; the total
(nominal plus 30) velocity requirement is approximately 320 meters
per second. Mission acceleration levels are shown in Table II-2.
The launch vehicle for this mission is a Titan IIID/Centaur/Burner

IT (1440).

Table II-2 Acceleration Environment¥®

Mission A; |Mission A, |Mission B

AXIAL - POSITIVE
Boost Phase -~ Maximum 3.8 3.8 3.8
Spacecraft Engine

Maximum 0.156 0.0495 0.0253

Minimum 0.133 0.0400 0.0202
AXIAL - NEGATIVE 1077 10-7 10-7
LATERAL (0.0002 0.0002 0.0002

*Accelerations are expressed in Earth g.

2. Propellants

Mission A1 and Ay - Mission A) utilizes the space storable
propellants oxygen difluoride (OF2) and diborane (BoHg) while Mis-
sion Ay employs the earth storables nitrogen tetroxide (N,0,) and
monomethylhydrazine (CH3N,H3) as the baseline propellant combina-
tions. Physical property data for these propellants, as well as
those for other propellants considered during the program are pre-
sented in Table II-3. The possibility of replacirng the monomethyl-
hydrazine with neat hydrazine (N,H,) for Mission A, was considered
during the study.

Mission B - A monopropellant, 75/25 wt% hydrazine/hydrazine
nitrate (75/25 - NyH,/NoHgNO3), was the baseline propellant. A
possible propellant change to hydrazine was also considered.

II-5
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3. Propulsion System

Missions A; and A, - The baseline system schematics for the
two Mars missions are presented in Figures II-3 and II-4. The
tank outlets are pointed toward Earth during launch. Total im~

pulse is 400,000 lbf—sec for both missions. Engine thrust levels

are 1000 lbf and 300 lbf and propellant mixture ratios are 3.0

and 1.55 for Missions A; and A,, respectively. Additional system
criteria are presented in Table II-4.

Mission B — The propulsion system schematic is presented in
Figure II-5. As in the Mars missions, the tank outlet is oriented
toward Earth during launch. The propulsion system criteria for
this mission are also presented in Table II-4. Engine thrust
level is 25 lbf and the vacuum specific impulse is 255 lbf~sec/lbm.

4. Pressurization Subsystem

Stored—gas pressurization is employed for all missions. The
pressurant may be nitrogen or helium for the Mars and Grand Tour
missions. The latter uses a blowdown system as shown in Figure
I1-5.

5. Propellant Tankage

The baseline tanks are spheres or cylinders with hemispherical
end domes. For Missions Ay and Ay, either two or four propellant
tanks may be employed. The baseline four-tank configuration uses
a parallel tankage arrangement. For Mission B, only one tank is
used.
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Table II-4 Propulsion System Criteria
MISSION
A4 A, B
Propellants B,Hg/0F, MMH/N,0, 75/25-NyHy /NyHgNO 5
Propellant Temperature, °R
Range 210-280 500-580 475-575
Nominal 250 500 500
Propellant Density, ]bm//ft3 30.3/92.3 | 54.8/90.5 | 69.8
Propellant Mass, ]bm 270/810 562/872 135
Tank Volume, ft3 9.92 11.25 3.86
Initial Ullage, % 10 ~10 50
Propellant Margin, % 4 4 4
Number of Burns 6 6 9
Thrust, 1bf 1000 300 25
Mixture Ratio 3.0 1.55 --
Igp (vac), lbf-sec//1bm 385 290 255
Total Impulse, 1bf—sec 400,000 400,000 33,000
Minimum Impulse Bit, ]bf-sec 400 400 1.00
Propellant Tank Pressure, psia [v350 350 2350
Chamber Pressure, psia 100 100 100
Tank Geometry Spherical or Cylindrical
with Hemispherical Ends
No. of Propellant Tanks 2 or 4 2 or 4 1
Tank Material Metal or Composite
Pressurant Helium or Nitrogen
Propulsion Envelope, ft3 198 198 22
7500 l 7500 1124

Spacecraft Mass, 1bm
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C. STUDY GUIDELINES

The guidelines established for the study of the propellant
acquisition, pressurization, and tankage subsystems are outlined
in this section.

1. Propellant Acquisition Subsystem

The following classifications of acquisition methods were
considered: surface tension devices, polymeric and metallic blad-
ders, metallic diaphragms and bellows, dielectrophoresis, main
engine start tanks, and auxiliary propellant settling rockets.
Techniques already developed or under development were evaluated.
A relatively small experimental task was conducted to evaluate
the feasibility of the capillary/bellows device conceived under
Contract NAS9-8939. These experimental results are presented
separately in the Appendix. Background information, design cri-
teria and operational characteristics were established for each
method. Conceptual designs in the form of simplified schematics
were to be made so that each method could be evaluated and compared
for application to each of the baseline missions considering reli-
ability, mass, performance repeatability, performance testability,
state of development, and compatibility with adjacent components
and propellants.

The mass attributed to each propellant acquisition device in-
cluded the dry weight of the device plus any additional system
mass resulting from the use of that device. One of the items in-~
cluded in the latter was residual propellant (outage) resulting
from expulsion inefficiency which would have to be added to the
baseline loaded propellant. However, the tanks were not resized
for each acquisition device and the small increases in tank size
and mass, which would have resulted from resizing, were neglected
in the comparative evaluation of candidate concepts. As discussed
in Chapter VI, no increase in tank size or loaded propellant quan-
tity is required with the propellant acquisition system selected
for each mission.

Interactions between the propellant acquisition subsystem and
the pressurization and propellant tank subsystems were included.
The intent for this first phase of the program was to select the
best propellant acquisition concept for each mission -- not to
provide an optimum design.
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An evaluation of the influence of possible changes in certain
mission constraints and propulsion system characteristics on the
selection of propellant acquisition concepts was conducted. The
following considerations and changes were included in the assess-
ment:

1) Use of neat hydrazine in place of monomethylhydrazine
for Mission A, and in place of 75/25 - N,H,/N,HgNOj
for Mission B;

2) Increase in total impulse from 400,000 lbf—sec to
1,000,000 lbf—sec for Missions Aj; and Aj;
3) Decrease in minimum impulse bit from 400 lbf—sec to

125 lbf—sec for Mission A; and A,

4) TUse of onboard accelerometers in place of prepro-
grammed time burns;

5) Series versus parallel arrangement of the propellant
tanks;

6) Propellant tank loading constraints;

7) Impact of spacecraft sterilization.

2. Pressurization Subsystem

Based on the preliminary information available on the pro-
pulsion system, the preferred pressurant and storage and oper-
ating conditions were determined for the three reference missions
in terms of subsystem mass, reliability, cost and schedule time.
Interactions with the propellant acquisition and propellant tank
subsystems were also evaluated.

Pressurization subsystem mass was defined as the sum of the
pressurant mass (used and residual), pressurant storage vessel
mass, and mass of propellant vaporized. Isothermal tank walls
and environment were assumed for the coast periods on Missions
A, and B. During engine burn periods, the pressurant storage and
propellant tank boundaries were considered adiabatic. For Mission
Ay, an environmental temperature varying linearly with time from
282°R in Earth orbit to 258°R in Mars orbit was employed. Other
simplifying assumptions, presented in Chapter IV, were also em—
ployed.
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A spherical pressurant storage vessel constructed of 6AR-4V
titanium, with a safety factor of 2.2 based upon an ultimate
strength of 165,000 lbf/in.z, was considered in the analyses for

Missions A; and Ap. A factor of 1.1 on tank mass was to be used
to account for attachments, penetrations, and welds. The propel-
lant temperature range was 210 to 280°R for Mission A;, 515 to
535°R for Mission Ay, and 475 to 575°R for Mission B. Other sys-—
tem conditions used for the analyses were:

1) An initial storage pressure range from 2,000 to 4,000
psia for Missions A; and A,;

2) A gas storage temperatutre range of 210 to 530°R for
Migssion A;, and 500 to 580°R for Mission A,;

3) Propellant tank pressurant inlet temperatures from
210 to 530°R for Mission Ay, and 515 to 535°R for
Mission Ajp.

3. Propellant Tank Subsystem

The number of propellant tanks, tank size and geometry, and
tank materials were determined considering mass, reliability, cost
and schedule, and interactions with the propellant acquisition
and pressurization subsystems. Two versus four tanks (Missions
Ay and A,), spherical versus cylindrical geometry, and all-metal
versus composite construction were evaluated. Propellant compati-
bility, tank mass, and fabrication were considered in selecting
materials for both the propellant tanks and the acquisition devices.
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III. CANDIDATE PROPELLANT ACQUISITION CONCEPTS

All the propellant acquisition concepts considered in this in-
vestigation are discussed in this chapter. The physical and oper-
ational characteristics of each device are discussed and an ap-
praisal of reliability, mass, scalability and producibility, com-
patibility, and testability is presented for each concept.

A. DIELECTROPHORETIC SYSTEMS

1. System Description and Operation

Dielectrophoretic forces can be used to orient some propellants
in a low-g environment. The electrical conductivity of the propel-
lant must be low, however, to make this approach attractive. The
polarization force may be used in the design of dielectrophoretic
propellant acquisition devices (Ref. III-1):

F, = L(1%ve) [ITI-1]
where FP is the polarization force, I is the field intensity, and

Ve is the permittivity gradient. In a homogeneous fluid, the
permittivity, ¢, is constant and the gradient is zero, making the
net polarization force zero as well. Fortunately, the permittivity
gradient is large across the liquid-vapor interface of a dielectric
liquid. This provides an electric force in a field of constant
intensity that acts to orient the fluid. The permittivity gradient
becomes a stepped function across the interface, Ve = (az - eg),

where €, and Eg are the permittivities for liquid and gas, re-

spectively. The force acting at the interface can be presented in
terms of a pressure rise across the interface which, in turn, can

be presented in terms of the liquid and vapor densities. The re-
sulting basic equation for parallel plate electrodes is:

(pi - Dg)a = ‘%(Ez - €g> V12 [TII-2]

where <9 and pg are liquid and gas densities, respectively, and

a is the adverse acceleration.

III-1
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The use of parallel plate elec-
trodes in a propellant tank under
low adverse acceleration environ-
ments is unattractive as the liquid
will tend to settle forward, away
from the outlet, when all of the
propellant is contained between
the plates. A field intensity
gradient tending to hold the pro-
pellant over the tank outlet is
required under these conditions.
This gradient can be achieved by
decreasing the electrode gap in the
direction of the tank outlet. A
conceptual installation of the
screen electrode grids in a fanned
array with the apex at the tank
outlet (Fig. III-1) is an example
that achieves the desirable
field gradient. The field gradient within the diverging plates is:

INSULATOR (TYP)

SCREEN GRID (TYP)

Figure III-1 Dielectrophoretic System

I=E/wd [TII-3]

where E is the voltage across the plates and wd is the grid spacing,
w being the angle of divergence and d the distance from the apex
of the angle to the liquid-vapor interface.

Equation [III-2) can then be presented in terms of the
impressed voltage and grid spacing:

Izz- = (13191223 '€ < [ ]TI:I"Zi]

The feasibility of using dielectrophoresis is dependent upon
the electrical properties of the propellants. The propellants,
wonomethylhydrazine and nitrated hydrazine, are not good
dielectrics because of their high electrical conductivities (on
the order of 10~° mho/cm). There would be too much electrical cur-
rent flowing through the propellant, making the power requirements
excessive.
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The dielectric constant is another electrical property that
3t be considered. This is the ratio of the permittivity of the
juid to the permittivity of a vacuum:

K=— [I1I-5]

> permittivity of the ullage gas should be very close to that
a vacuum, so Equation [III-4] can be written in terms of the
2xlectric constant:

[0}

[III-6]
larger the dielectric constant for a propellant, the better

lectric it makes and, based on Equation [III-6], the smaller
required voltage.

w W

From these considerations alone, both propellants for Mission
have good dielectric properties. Dielectrophoresis is not at-
active for either Missions A, or B. Based on information from
lied Chemical Company, |OF, has an electrical conductivity of
¢ 10710 mho/cm and a dielectric constant of 2.3. Diborane (ByHg)
5 a dielectric constant of 2.0, but its electrical conductivity
not available. Callery Chemical believes that the conductivity
BoHg is less than that of OF,, based on molecular structures.

The voltage that can be calculated from Equation [III-6] is the
1imum voltage required to retain the propellant under the adverse
celeration. If this voltage is applied as a direct current,
rface instabilities will occur; if it is applied at a high fre-
:ncy, the power requirement becomes larger and another form of
stability occurs. Therefore, the voltage must be applied in the
rm of a square wave with a frequency on the order of 0.1 cps.
rause the voltage is squared as it appears in’ Equatlon [III-—6]s
-ention of the fluid is not affected if the waveform of the ap—

led voltage is a square wave.

A typical dielectrophoretic propellant retention system con-—
sts of two major subsystems, the power supply and the screen grid
sembly including the eléctrical feedthru assembly. The power
s)ply converts 28 volts direct current from the spacecraft power
stem, into a hlgh—voltage, 1ow—frequency square wave. The size

I11-3
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and weight of the power supply depends upon the voltage required
and the amount of power that will be consumed. A screen grid sys-
tem positioned in the propellant tank in a fanned array, tapered
toward the tank outlet, forms the desired capacitance plates re-

‘quired to orient the propellant (Figure III-1). The coarse-mesh,

screen grid assembly uses insulator supports attached to brackets
welded to the tank wall. Tubular rims supporting the screen grids
are anchored to the insulator supports on the wall, and proper
spacing between grids is provided by insulator rods.

The concept shown in Figure IIT-1 was evaluated for application
to Mission A). In order to minimize the amount of powgr consumed,
the dielectrophoretic system can be operated in two different
modes. Prior to the first three burns, there is a large volume
of propellant. If the grid height is approximately 16 inches,
there will always be some liquid between the electrodes regardless
of the location of the interface.  Therefore, the sequence of oper-
ation would be:

1) Prior to the first midceurse correction, power is ap-
plied to the grids. The induced forces will act to
settle the propellant into the grids. After allowing
sufficient time to settle the propellant, the main
engine is started and the dielectrophoretic system
is turned off;

2) The second midcourse correction is accomplished in
the same manner;

3) Prior to the insertion burn, the propellant is again
settled with the dielectrophoretic system, but the
power is left on after the burn is complete. From
this point to the end of the mission, the amount of
propellant remaining in the tank is too small to be
reliably acquired and settled by any reasonable grid
configuration. The fanned array will keep the pro-
pellant oriented if the power is left on;

4) The orbital trim burns are accomplished; -~
5) The system is turned off.
Using Equation [III-6], the voltage required for this system is

3000 volts. The amount of power required from the spacecraft power
system depends upon a number of factors, such as the:

1) Total electrical resistance of the fluid;
2) Number of grids in the array;
3) Total capacitance of the system;

4) TFrequency of the applied power;
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5) Applied voltage;

6) Size of the charging resistor. (This resistor is
added in series with the power supply output in order
to limit the capacitor charging current);

7) Power supply efficiency.

The detailed design of this system would require a complex evalua-
tion of the effects of all the above factors on the required power
and the system performance. It is estimated that the power re-
quirement for this system will be on the order of 4 watts, which
is consistent with power requirements quoted for similar systems
in Reference III-1. '

The potential increase in propellant decomposition, caused by
the imposed voltage, must be considered in designing a dielectro-
phoretic system. For Mission A;, this effect is minor; the quan-
tities of OFy; and BoHg decomposed were estimated to be about
3.5 x 10~° 1bm and 1.8 x 10~ lbm, respectively. Materials in the

screen grid assembly can be selected to be compatible with these
propellants with the exception of materials for electrical in-
sulators., More development is needed in this area, especially for
OF,. Nommetallic insulators such as Teflon and Kel-F (and possibly
ceramics) appear to be good candidates for B,Hg, but they are
questionable in OF,.

2. System Evaluation

a. Reliability — The dielectrophoretic system is an active
system consisting of many components. Major subassemblies are the
screen grids and supporting electrical insulators, the electrical
feedthrus and wiring, a power supply, and a dielectrophoretic
sequencer. The probability of failure of the grids, insulators,
feedthrus, or wiring is low and these failures were ruled out as
unlikely.

Two catastrophic failure modes considered possible are

1) Failure of the portion of the spacecraft sequence sys-—
tem that operates the dielectrophoretic system:

2) Failure of the power supply.

Each of the catastrophic type failures could also occur to lesser
degrees. Gas ingestion into the engine would occur and acquisition
of the propellant would be accomplished in a degraded manner.
Therefore, they are also considered to be anomalous failure modes.
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b. Mass -~ The principal contributor to weight of the dielec~-
trophoretic system is the power supply for units of the size under
consideration. The screen grid system forms only a small fraction
of the total system weight. Due to the manner in which this sys-
tem is to be operated during the mission, the power consumption
will be maximum during the Mars orbit because the power supply
must be operated continuously. Power requirements become critical
at this point because the solar panel efficiency is decreased. '
Therefore, some increase in the capacity of the spacecraft power
system will be required by a dielectrophoretic system. The mass
estimated for a 4-watt,:3000-volt system is presented in Table
I1I-1. ‘ -

Table III-1 Dielectrophoretic
System Mass for
Mission A;

TWO~TANK | FOUR-TANK
SYSTEM* | SYSTEM*
Power Supply | 11 1b 12 b
Electrodes,
feedthrus 4 5
Vaporized
Propellant 8 8
Additional
batteries
and solar
panels 15 15
Total system ‘
mass 38 ]bm 40 ]bm
*Spherical or cylindrical geometry.

c. Design Scalability and Producibility,

D) bégigp Scalability — The system can be scaled over
the range of interest, but redesign is required. As previously
stated, the power supply is the heaviest subsystem in this type
of retention device. Scaling will involve modification of the
power package size in the interest of weight optimization.
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2) Manufacturability - Much experimental work has been
done with prototype systems but no flight systems have been built
to ‘date. Additional work on the power systems and electrical high
tension feedthru techniques is required. Fabrication techniques
are available.

3) Subscale Test Scalability - Complete geometric test
scaling is possible through the use of nonmiscible fluids having
attractive dielectric constants. For example, the performance of
such a system was investigated by Dynatech using corn oil and sili-
cone oil at 1 g (Ref III-1). Subscale drop tower and aircraft
tests are also possible.

d. Compatibility with Adjacént Components and Propellants

1) Propellant/Material Compatibility - An aluminum screen
grid assembly, compatible with the Mission A; propellants, can be
used. As previously stated, the material selection for electrical
insulation of the high tension feedthru and for the screen grid
insulators could be a problem.

2) Pressurization System Compatibility ~ The propellant
is in contact with the pressurant and is subject to gas dissolu-
tion and vaporization. Pressurant inlet temperature will not ap-
preciably affect performance except for the secondary effects of
propellant/pressurant contact.

3) Tankage Compatibility - This device can be used in any
of the tanks considered in the evaluation without tank shape re-
striction.

4) Performance - The system is compatible with the Mission
A) environment and engine duty cycle. If the number or duration
of the orbital trim burns was changed, the same device would func-
tion properly and the power and voltage requirements would remain
constant. This results from the continuous application of power
after orbital insertion as mentioned previously. Variations in
acceleration level in the negative direction affect the power
supply requirement; increased voltage and power and a heavier power
supply is required to retain propellant under higher negative ac-
celerations.
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e. Performance Testability

1) Verification of Operational Readiness - The operation
of the power supply and its ability to apply the required poten- .
tial to the grids can be verified. Settling and retention of the
propellant, however, can only bhe demonstrated in a separate test
program.

2) Development Status — Additional development is re-
quired on this type of device. Substantial work has been done in
attempting to reduce power supply weight, but a flightweight power
supply is still not available for systems of the size considered
here.
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B. POLYMERIC BLADDERS AND DIAPHRAGMS

1. System Description and Operation

Polymeric bladders and diaphragms are simple, effective, active
devices that utilize an elastoplastic material to separate the
liquid and gas volumes in the tank and provide positive expulsion
of the liquid. Bladders are enclosed membranes or bags attached
to the tank at the suction line. They function as a contact sys-
tem where the driving mechanism is separated from the propellant.
Diaphragms are morphologically similar to bladders, but the dia-
phragm is an open membrane that conforms with the tank wall and
usually attaches near the tank equator. Bladders and diaphragms
can be fabricated from metallic and/or nonmetallic materials and
can be actuated mechanically, hydraulically, or pneumatically.

The principal nonmetallic and combination constructions, polymeric
and polymeric/metal materials, are the subject of this section.
The discussion is oriented toward the gas pressurized systems
(regulated and blowdown) in extensive use at this time. The in-
formation presented has been extracted from the program experi-
ence listed in Table III-2 and from References III-2 thru ITII-59.

a. Bladders - Polymeric bladder devices have been designed
for liquid expulsion through collapsing, expanding, twisting, and
squeezing actions. Bladder systems employing direct—acting mecha-
nisms for twisting or squeezing are characterized by higher energy
requirements, high weight, additional failure modes attributable
to the actuation mechanism, and poor expulsion efficiency (Ref
III-23). Generally, the volumetric efficiency of a bladder sys-—
tem that operates with a direct-acting mechanism is also severely
degraded. Consequently, pneumatically actuated collapsing bladders
and expanding bladders have received most attention.

Unbonded and independent multi-ply bladders have demon-
strated increased expulsion cycle life at deep cryogenic tempera-
tures (Ref III-2). However, inter-ply inflation, which results
from pinholing in the polymeric film, can seriously limit the
expulsion efficiency. An expanding bladder (expulsion produced
by pressurizing the inside of the bag) controls the inter-ply in-
flation and circumvents the terminal collapsing problem. The
cryogenic bladder materials, using about 10 plies of thin poly-
meric film, penalize the system weight and volumetric efficiency,
but such bladder designs should produce expulsion efficiency
greater than 987 for approximately 25 expulsion cycles (Ref III-3
and IITI-4). The cryogenic propellants for Mission A; would re-
quire this type of expanding bladder system (Fig. II1-2).
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Filling an expanding bladder propellant tank can be most
efficiently accomplished by vacuum loading. The pressurization
standpipe and plumbing are evacuated to obtain maximum compactness
for the folded bladder, followed by evacuation of the tank to en-
able propellant loading with negligible gas entrapment. If the
tank will not support the compression stresses of a vacuum, a
high-point overflow vent can be provided so that the tank can be
fully loaded under internal pressure without trapping a gas bubble.

The standpipe supports the expanding bladder and acts as
a distributing diffuser for the pressurization gas. The propel-
lant drain is situated at the base of the standpipe and the over-
flow drain port (if necessary) is located at the top.

With a collapsing bladder, liquid expulsion is accomplished
under the pressure of a gas introduced into the volume between the
bladder and the tank wall. A collapsing bladder is currently pre-
ferred over an expanding bladder for the following reasons:

1) 1Internal.pressurization (expanding bladder) tends to
yield lower expulsion efficiency due to propellant
that becomes trapped between the bladder and the tank
wall;

2) At the fully loaded condition, the expanding bladder
is tightly folded and creased while the collapsing
bladder is filled with propellant. A flexural failure
is more likely to occur with a folded bladder in the
vibrational environment during booster operation,
than with. a loaded collapsing bladder;

3) More analytical knowledge and operational experience
is available for externally pressurized bladders,
As a result, the development costs for a collapsing
polymeric bladder device should be lower.

For Missions A, and B, a pneumatlcally —actuated collap81ng bladder
system (Fig. III-3) was selected as’the preferred ‘design for the
positive expulsion of earth storable propellants
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Vacuum filling is the most desirable technique for loading
propellant into collapsing polymeric bladders. The gas side of
the bladder is evacuated to position the bladder smoothly against
the tank wall. As the liquid side of the bladder is evacuated,
there is no collapsing load to induce wrinkling and folding with
the attendant high stresses that ultimately result in material
failure. The propellant is "hard loaded" (tank completely filled)
and then off-loaded to obtain the desired ullage volume and to
expel any gas in the bubble trap. If the tank is incapable of
sustaining the compressive loads under vacuum conditions, the
bladder can be loaded against ullage pressure in the same way that
most polymeric diaphragm systems are filled. In contrast to the
diaphragm, which undergoes a minimum of contortion, the cycle life
of a collapsing bladder will be compromised as it is squashed
against the standpipe due to the vacuum on the liquid side prior
to filling.

For the collapsing bladder, the standpipe provides a dis-
tributed drain and, when pressurant permeation is a problem, a
gas phase separator. The standpipe can act as a support for the
bladder, which helps to regulate the collapsing pattern during
expulsion and prevents outlet blocking by the bladder.

The gas bleed line is used to evacuate the liquid side of
the bladder so that the loading of single phase liquid propellant
is possible. The liquid side of the bladder can be pressurized
through the gas bleed line in the event of a ground abort so that
the propellant can be drained wiphout collapsing the bladder.

To prevent high pressure impingement on the bladder, the
pressurant gas from external storage should enter the ullage
volume through a throttling device.

b. Diaphragms - Polymeric diaphragms normally accomplish ex-
pulsion through a complete reversal of the barrier geometry, with
translation produced by gas pressure in the ullage volume. A
polymeric diaphragm undergoes less severe wrinkling and folding
during expulsion with an attendant increase in cycle-.life of two
to five times that of an equivalent bladder.
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The diaphragm~to-tank attachment seal near the midplane
of the tank complicates tank assembly and repair and may result
in an excessively heavy design. Diaphragms for tanks with in-
ternal blowdown pressurization (e.g., Mission B) must withstand
the most severe vibration and propellant slosh environments
(occurring during launch) with relatively little support, as
shown in Figure III-4(b). In this situation, the diaphragm can
be easily contorted by motion of the bulk propellant. The excess
material (diaphragm area to tank midplane area ratio) increases
with tank length-to-diameter ratio. A diaphragm control ring is
used for partial support in partly loaded tanks. Spherical tanks,
which have small diaphragm area to midplane area ratios, may not
need diaphragm support hardware if the polymeric material is suf-
ficiently stiff. However, control rings become necessities as
the L/D increases for cylindrical tanks.

Design alternatives have been proposed for controlling
contortions in high L/D cylindrical tanks. Bathtub diaphragms
and roll-and-peel diaphragms limit wrinkling and folding at partial
propellant load conditions, and have the added advantage of being
capable of undergoing a complete reversal. Bathtub (transverse)
diaphragms are much heavier than conventional diaphragms, and only
become attractive for an L/D where excessive control ring weights
are incurred. Roll-and-peel diaphragms utilize an adhesive be-
tween the polymeric material and the tank wall to control diaphragm
geometry at partial propellant load. Propellant compatibility
with applicable adhesives is difficult to achieve, making roll-
and-peel systems unattractive for long exposure applications.

Conventional polymeric diaphragm systems employing a dia-
phragm control ring to prevent excessive wrinkling in both cylin-
drical and spherical tanks, were selected as the preferred designs
(Fig. 111-4). The diaphragm control ring size and configuration
depend upon the tank geometry and pressurization. Where external
pressurant storage permits the use of a fully reversing diaphragm,
as on Missions A; and Ay, the control ring is small. An integral
blowdown pressurization system such as Mission B requires a larger
control ring to stabilize the off-loaded diaphragm. The control
ring size increases as the L/D of cylindrical tankage with blow-
down pressurization is increased. However, the control ring on
cylindrical tanks with external pressurant storage is constrained
to small sizes to permit fully reversing diaphragm operation.
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Polymeric diaphragm systems for externally pressurized
tanks can be vacuum~loaded like bladders without reversing the

diaphragm.

the upper-half of the tank.

The ullage is evacuated to seat the diaphragm against
Then the liquid side is evacuated and

the propellant is loaded.

Loading against an ullage pressure is an alternative to

vacuum loading reversing diaphragms and is the usual procedure for
filling internal blowdown tamkage.

The ullage pressure holds the

diaphragm in the expelled position, providing intimate contact
between the tank wall and the polymeric material so that the po-

tential bubble trapped on the liquid side is as small as possible.

Normally, a vacuum is applied to the residual liquid side volume

before the propellant is introduced.
blowdown tanks must be carried out very carefully so that no sig-

The filling of internal

ITI-17

nificant pressure difference occurs across the restrained diaphragm
which might strain or rupture the polymeric material.

c. Operational Characteristics ~ Polymeric bladders and dia-

phragms have the following advantages:

1)
2)
3)
4)
5)
6)
7)

Recycle capability;

High expulsion efficiency;

Low actuation pressure differential;
Dynamical insensitivity to pressure level;
Adaptability to various tank shapes;

High volumetric efficiency;

Low system weight.

Disadvantages include:

1)
2)
3)

Permeability to pressurant gas;
Permeability to propellant vapor;

Limited chemical and thermal compatibility.

A summary of polymeric bladder and diaphragm performance
teristics is given in Table III-3.

charac-
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Table III-3 Polymeric Bladder and Diaphragm Evaluation Summary

. Off-load propellant Timitations
Slosh control

Shelf 1ife (verified propellant
exposure)

Mission 1life, days verified
Environmental capabilities

0ff-Toad not desirable
Poor damping
30 days to 2 years

30 to 300

Permeable Metal barrier needed
Sealability Good

Radiation sensitive Yes

Deep cryogenic propellant Limited

Mild cryogenic propellant Limited

Earth storable propellant Yes

DESIGN CHARACTERISTICS BLADDER DIAPHRAGM
Performance characteristics
Expulsion efficiency, % 98 99.5
Scalability Poor Fair
Cycle life, cycles to failure* 5 to 35 10 to 500
Reliability Fair Good
Tank geometry Volumes of - Symmetrical volumes
revolution - of revolution
Volumetric efficiency, %t 99.8 99.9
Maximum practical size, in. 60 60
Pressure drop, psi 3 ~10
Tank operating pressure range Low - High Low -~ High
Inherent cg control No | No
Series tankage capability No No
Operational characteristics
Simplicity Good Good
Series of partial expulsions Yes Yes

Off-load not desirable
Fair damping
30 days to 1 year

30 to 100

Metal barrier needed
Fair

Yes

Limited

Limited

Yes

*The lower values shown for both bladders and diaphragms are
Teflon; the larger values represent a good elastomeric film.

dynamic control of the polymeric bladder or diaphragm.

representative of

tWithout devices to ensure good expulsion efficiency, phase separation, or




ap = Pressure Difference across Polymeric
Barrier
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The structural design of an expulsion device employing a
bladder or diaphragm does not present an opportunity for a detailed
stress analysis and associated material selection. There is little
basis for the selection of a material thickness to satisfy struc-
tural requirements beyond sufficient elongation and ductility to
withstand folding, buckling, and wrinkling without tearing or rup-
turing. The stiffness of thick bladders or diaphragms results in
lowered expulsion efficiency while thin bladders or diaphragms
sacrifice flex life and permeation resistance. Recommended thick-
ness for polvtetrafluoroethylene/polyfluorinated ethylene propylene
(TFE/FEP) laminates is about 10 mils, whereas typical thickness for
a comparable elastomer might be 40 mils. Bell Aerospace Company
(Ref III-5) points out that "Material and functional life limita-
tions are unique to a specific material, operating temperature,
propellant, and L/D geometry. For any specific application, limi-
tations are minimized by selection of the optimum combinations of
these parameters within envelope and other system considerations.”

Bell Aerospace Company, Dilec-
trix Corporation, and G. T. Schjeldahl
Company (Ref III-5 thru III-7) claim
expulsion efficiency of 99% for poly-
meric bladders. Both bladders and
diaphragms exhibit the expulsion char-
acteristic shown in Figure III-5.

The large increase in pressure differ-
ence required to force the last 2% of
propellant out of the tank increases
the risk of material failure., The
0 Expulsion Efficiency (%) Too expulsion geometry of diaphragms is
Fo e LS aonragee >t of Polymeric Bladders more conducive to high expulsion ef-
ficiency than is the expulsion geom-
etry of either expanding or collapsing
bladders. The expanding bladder has to empty about twice the
terminal volume of a diaphragm. The collapsing bladder is con-
torted in folds and wrinkles that provide propellant pockets as
contrasted with the smooth seating of the diaphragm against the
tank wall. The gas phase separator may also trap .additional pro-
pellant.

Polymeric bladders and diaphragms sustain very small pres-
sure drops between the ullage side and the propellant side of the
system during 957 of their operation. Consequently, the dynamics
of expulsion are not significantly influenced by the tank pressure
level.®* The pressure difference between the ullage pressure and

#High ullage pressure does increase pressurant permeation by
raising the gas concentration.
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feedline pressure is the important propellant expulsion parameter.
Tanks with polymeric bladders or diaphragms are capable of opera-
tion at low and high ullage pressures.

Oscillatory motion of the propellant, propellant pressure
resulting from acceleration forces, and the process of liquid ex-
pulsion singly, or in combination, must not overstress or fatigue
the bladder. The physical properties and fatigue resistance of
bladders are heavily dependent upon the details of manufacturing
techniques and material properties as well as the configuration
and design. Bladders having negligible elasticity will not sig-
nificantly influenge the slosh mode. Bladders designed to act
through membrane stresses (carry no bending moment), supplying
negligible restraint in the dynamic system, have a relatively low
weight compared with other positive expulsion systems. Bladders
will generally exercise negligible elastic restraint om the liquid
and will show little effect on the lower natural frequencies, al-
though the flexing of severe bladder creases may contribute con-
siderable damping. Concentric hoops on a diaphragm, similar to
those of the Transtage monopropellant ACS, can prevent wrinkling
that results in wear during sloshing (Ref III-8). Werkema (Ref
I11-3) contends that by proper design of a tank-bladder system,
slosh can be minimized without seriously hampering bladder func-
tion or efficiency.

The polymeric materials of bladders and diaphragms should
resist the corrosive action of the liquid propellant, and act as
effective barriers against the loss of propellant and the permea-
tion of pressurant. The materials from which bladders and dia-
phragms are made should be able to maintain their mechanical
properties during the prolonged storage in contact with the pro-
pellant. There may be as much as a 30-day hold on the launch pad.
The wind loads during the launch hold period can induce bladder
or diaphragm fatigue and possible tear failure as a result of
propellant slosh. This failure would be especially applicable to
a bladder or diaphragm design with a free polymeric surface in
the blowdown tankage for Mission B.* Both Missions A; and Aj
have a requirement for 270 days of operational status after launch;
the estimated operational period for Mission B is 3272 days. Dur-
ing these long mission times, the polymeric materials must be able
to withstand the force of pressurization (Missions A; and A,) and
must retain a high degree of flexibility and resistance to the
creasing and folding that will occur during propellant sloshing
at part load and during expulsion. For the cryogens, OF, and
BoHg, the bladder materials must retain these properties down to
210°R.

#No detrimental effect of liquid motion would be anticipated
on a properly designed bladder or diaphragm that was supported
by the tank wall when fully loaded with propellant.
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A serious disadvantage of polymeric materials for long
duration bladder and diaphragm applications is their permeability
to pressurant gas and propellant vapors. The most severe problem
of propellant vapor permeation has not been detrimental to small
propulsion systems on short missions, but permeation may become
a more serious problem for the longer missions and/or larger tanks.
Propellant permeation to the ullage side of the bladder represents
unusable propellant and exposes the pressurant system to the pro-
pellant vapor. Check valves are required in bipropellant systems
to prevent intermixing of fuel and oxidizer vapors. Pressurant
gas that permeates to the propellant side either dissolves in the
liquid or exists as entrained free bubbles. These gas bubbles
(free or from dissolved pressurant) can cause engine thrust per-
turbations or combustion instability.

Permeation is a rate process (Ref III-9), but the total
quantity (equilibrium) of propellant that can be transported
through the bladder or diaphragm is dependent on the ullage volume
and not on the polymeric material. The expulsion device material
only determines the permeation rate. Propellant vapor transport
will continue until the partial pressure of the propellant vapor
in the ullage is equal to the vapor pressure of the propellant.
Similarly, the permeation of pressurant into the liquid side of
the polymeric bladder or diaphragm will continue until the partial
pressure of pressurant on the liquid side is the same as the
partial pressure of that gas on the ullage side. Using conven-
tional material to construct bladders or diaphragms for long dur-
ation missions will not prevent contamination of the propellant
with pressurant because the permeability is great enough that an
equilibrium pressurant bubble has sufficient time to form. An
additional, redundant provision on the liquid side of the bladder
or diaphragm, such as a capillary acquisition device acting as a
vapor barrier over the outlet (Mariner '71 primary propulsion sys-—
tem design), would be required to ensure single-phase liquid ex-
pulsion.

The problem of permeation of the propellant and pressurant
through a polymeric bladder was solved on the Lundr Orbiter ve-
locity control system by the incorporation of a layer of aluminum
foil to provide a bladder material of 2-mil TFE/l1-mil FEP/%-mil
A2 foil/3-mil FEP (Ref III-10). Metal foils used in a thickness
range of 0.0002 to 0.002 in. have a limited flex life with respect
to pinholing due to cold working. The molding of metal foils into
adherent conformance with spherical bladders or hemispherical dia-
phragms has been found difficult. Laminates of gold as well as
aluminum and Teflon are troubled with nonuniformity of adherence
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and formation of gas pockets (blisters). Chemical vapor deposited
aluminum 0.0001- to 0.001-in. thick significantly reduced the NyO,
permeation of TFE Teflon while maintaining the basic structural
properties of the Teflon (Ref III-11). A vapor deposited layer

of aluminum 0.0003-in. thick reduced the permeation of N,0, through
a 10-mil sheet of TFE Teflon from 5 to 6 mg/in.2-hr to 0.1 mg/in.?-
hr. Lead coatings of 0.0004 in. reduced N,0, permeability to 0.2
to 0.02 mg/in.2-hr as compared with 13 to 20 mg/in.?-hr for the
unclad Teflon film (Ref III-12). Gold foil (0.002-in. thick)

lined carboxy-nitroso rubber (CNR) bladders suffered from delamina-
tion and fatigue cracking of the gold foil upon reexpansion after
one expulsion cycle (Ref III-13 and III-14). The theoretically
impermeable material had measured permeation rates of 0.16 to 4.6
mg N,0,/in.2-hr and passed helium gas at 0.5 cc/15 min. The re-
duction in long term permeability accomplished to date has not

been sufficient to justify the additional complexity and cost of
metallized polymeric materials for application to the three ref-
erence missions.

The use of polymeric expulsion devices has been limited
to small secondary propulsion systems with short storage require-
ments (<1 year). For applications involving longer storage periods
and/or larger tanks, permeation may become a more serious problem. -
Particularly, the formation of larger gas bubbles (free or from
dissolved pressurant) in the propellant, that can cause engine
thrust perturbations or combustion instability as mentioned pre-
viously, must be prevented or controlled. Compatibility with
piopellant vapor and condensate and the propellant outage asso-~
ciated with the permeant must be considered in the ullage com-
ponents and pressurant selection and the performance analysis.
Nitrogen, helium, and solid propellant gas generators have been
used successfully for expulsion pressurants.

2. System Evaluation

a. Reliability - The dynamics of vibration, wrinkling, and
folding associated with ground and flight operations will induce
stresses that can result in anomalous operation from pinhole leaks
and possibly a catastrophic failure caused by tearing. Primary
failure modes result from multiaxial tension forces. The rolling
motion of buckled folds can precipitate mechanical fatigue and
pinholing at the apex of double folds, and three-axis vibration
has caused bladder tearing. If some degree of chemical incom-
patibility between propellant and bladder is present producing
deterioration in the structural properties of the polymeric mate-
rial or interlaminar blistering, aging can lead to a bladder
failure under normally tolerable stresses.
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Bladders have a higher element of risk than diaphragms
in blowdown tankage. The unsupported surface area of a diaphragm
will generally be smaller than that of a conventional bladder,
even in the fully loaded condition. An alternative is to provide
a perforated support cap for an asymmetrical bladder system. Dia-
phragms are more easily designed to cope with the free surface
problem, but they still suffer from lack of local support by the
tank wall. Nonsupport would also occur on Missions A; and A,,
since the tanks have an initial ullage of 107%.

Teflon FEP has experienced solvent stress cracking (anal-
ogous to stress corrosion in metals) under exposure to heptane,
to alcohol to a lesser extent, or to freon only slightly. These
cracks tend to propagate under operating stresses and eventually
lead to premature failure of the polymeric material. The condi-
tions of FEP stress, environmental pressure, and solvent exposure
time required to produce stress cracking have not been established.
However, the Mariner '71 Teflon bladder suffered solvent stress
cracking as the result of vibration testing at operating tank pres-—
sure with isopropyl alcohol used as a referee propellant. The
current opinion is that the critical conditions for cracking in
the FEP are not met during normal cleaning operations. The
greatest risk is encountered during system qualification and/or
acceptance testing.

The only catastrophic failure of a bladder or diaphragm
would be a tear that results in the major loss of propellant con-
trol and expulsion capability in a low-g environment. The single
anomalous failure mode for bladders and diaphragms is from pin-
hole leaks that permit excessive entry of ullage gas into the
propellant volume and allow unplanned propellant loss to the
ullage, reducing the total impulse available and increasing out-
age.

b. Mass - The bladder system mass estimates were based upon
10-mil thick Teflon bladders and standpipe designs similar to
those employed on Mariner '71. Generally, a laminated construc-—
tion of 5-mil polytetrafluoroethylene (TFE) next to the propellant
for strength and chemical compatibility, and 5-mil polyfluorinated
ethylene propylene (FEP) on the ullage side for permeation reduc-—
tion and improved flexibility is employed. Dilectrix (Ref III-6)
indicated that Teflon use on Mission A; is precluded because of
the change in physical properties at cryogenic temperatures; in
particular, the change in modulus that would render the Teflon in-
operable in any type of folding and or creasing mode. Although
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material compatibility problems exist for Mission A; propellants,
Teflon density (0.08 lbm/in°3) appears to be representative of the

polymeric materials under development for fluorine oxidizers, and

“conservative for the polymeric materials under development for

diborane. The structural properties of these developmental materi-
als for use with OF, have not been characterized to the point where
design criteria can be predicted. Multi-ply, thin-film bladder
construction would probably be used with the cryogenic propellants
of Mission A;. Bell and Dilectrix (Ref III-5 and III-6) agree that
Teflon would be satisfactory for Mission A,, and probably for Mis-
sion B, because there do not appear to be detrimental aging effects
on Teflon polymers in the earth storable propellants (Ny0y, MMH,
and hydrazine). However, Dilectrix recommends "a codispersion

film comprising TFE and at least 20% FEP Product Code TE-9511
(high molecular weight) would be preferable for Mission A,, and
quite possibly for Mission B."

The diaphragm system mass estimates were based on 30-mil
thick TFE/FEP Teflon for Missions A; and A,, and 60-mil thick
ethylene propylene terpolymer (EPT) or ethylene propylene rubber
(EPR) for Mission B. The diaphragm system design for Missions A,
and A, employed a completely reversing diaphragm. The Mission B
system is similar to the N,H, monopropellant ACS for Transtage.

The permeability of polymeric materials is so great that
the ullage volume will be saturated with propellant vapor during
the missions. Equilibrium concentrations of propellant vapor in
the ullage will be reached within a few days. Metallized poly-
meric materials have been investigated for zero permeability
systems, but the metal foils suffer from pinholing upon folding,
and delamination from the polymeric material. Consequently, the
permeation rate is still high enough to reach steady-state during
these long-duration missions. Since the permeation transient is
only slightly extended, metallized polymeric materials were not
considered because of the additional weight and complexity.

Another problem associated with the polymeric film permea-
bility is propellant saturation with pressurant gas and the forma-
tion of pressurant bubbles on the liquid side of the device.

Helium permeation through polymeric films is so high that equilib-
rium is achieved in approximately one-half day. Nitrogen permea-
tion is slower, on the order of the propellant vapor, with equilib-
rium occurring in a few days. Although the bladder or diaphragm

provides efficient positive expulsion, a secondary and possibly
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redundant system is required to separate the liquid and gas phases
in the absence of a zero permeability polymeric material. A capil-
lary screen device was employed for this function in the bladder
standpipe and in the diaphragm collector plate shown in Figures
III-2 thru III-4. The expulsion efficiency anticipated for the
bladder system is 987 or more. The diaphragm for the spherical
system should have an expulsion efficiency of 99.57%. The expul-
sion efficiency for the diaphragm in the cylindrical tanks may be
degraded to about 997 by the less favorable geometry.

The mass estimates for both polymeric bladder and polymeric
diaphragm expulsion systems considered for Missions A;, A,, and B

are presented in Table III-4.

c. Design Scalability and Producibility

1) Design Scalability - The details of design, fabrica-
tion, attachment, and installation are primarily empirical and
must rely on development testing. Consequently, a change in sys-
tem size can require extensive redesign of the bladder or diaphragm
expulsion system. New designs of comparable size can be developed
from similar qualified systems, but design verification is needed.

2) Manufacturability - The ability to fabricate a bladder
or diaphragm system is interdependent with the application. The
character of the polymeric material is the principal considera-
tion. Some materials can be molded (EPR); others are layed up on
rotating mandrels by spraying (Teflon) or brushing (CNR); some
materials require special or unique processes that must be de-
veloped to meet the particular needs of that design. In any event,
manufacturing experience has been limited to maximum dimensions
on the order of 60 in., which encompasses the technology require-
ments for Missions A;, Ay, and B.

The leakage limits are critical to bladder or diaphragm
system design and manufacture. Long duration missions should
utilize all-welded tank construction to provide an absolute seal.
Experience shows that an access port whose diameter is about one-
fourth the tank diameter is required for installation of the blad-
der system into the tank. Such large ports are difficult to seal
mechanically. The gas side of the propellant tank must be welded
to the liquid side of the tank after the polymeric diaphragm has
been installed. Welding of such systems has been accomplished
with electron beam equipment.



I11-26

MCR-70-171

*30LASP UDBUDS Ade|jLded JO SSew Sapn|dujl

En_,m;m pojussadd saunbLy [ 1¥s

L°91 | 898 | 49| 2748 | 949 | 8'0T| #'09 | 9°8v|8°09 | 8'8y | 6°L | 9°LF | 9'6E| 0'8F | 8°6€ SSew 90LA3p [edLJ4pul|A)
€1 |0°sT | 0'6T | 60T |6°01| €T |0°GI | 0°GT|{6°0T | 6°0T | €T | 0°GL | 0'ST{6°01]6°0L sbeang
0 {02 0'e | L2 |11 0 |02 |02 |LL | LL 0102 |02 |4t |LL jue|jadoad padded]
1 oJeM
¥°ST [ 8'69 | ©°05 | 9°89 | 0'6¥ | G'6 | v'EW | 9TE|22r | 2706 | 9°9 | 9'08 | 9722 v'62| 212 | -paey uoLsindxa [edLdpul|k)
9°41 | £°28 | €19 | 8°48 | 0°€9 | 801 | T°4G | 6°'Iv|2°85 | 2'vv | G°£ | €'¢v | G°2€| 0'vb| 2'S¢E Sseul 90LABp |ROL4BYdS
9°0 |§°L G°. | 8¢ |[§6 |90 |SL |6, |GG | S |90]|SL |SL|SS|SS abeynQ
0 |02 0°2 L'l L 0 (02 |02 |4 Lt 0102 02 | LL] Lt juel|adodd paddea]
0°/T [ 2'8L | 815 | 9'%L | 86y | 20T | 9L | ¥'2€|0°Sh | 0°T€ | 6°9 | 8'2€ | 0°€2| 8°0¢| 0°2Z |L34emMpdey uois|ndxe |[edludyds
swbedydeLp dpaawA|0d
0°22 | O'STT| 2v8 | £°80T| £°64 | €€T | 06/ | 0°29|I'PL | G°8G | T°6 | 9'T19 | ¥ IG| €4S | 6" L} SSeul 92LASp |BDLJApuL 4D
9'z |o0'0c | o'0c | 8°T2 | 812 | 9'¢ |00 |00£|{8'12| 812 | 92| 0°0c| 0'0£|8°'12}8'1¢ abeing
0 |02 02 | Lt | Lt 0 [0z |02 |t | Lt 0102 |02 |22 |LL jue|adoad paddes)
LoJem
b'61 | 0°€8 | 2726 | 2°6/ | 205 | L°OT | 0LV | O°OE|[ 9%y | 0762 | S°9 | 9762 | ¥'61|8°L2| ¥'8T | =-p4ey uoLsindxs |[edLdpul|A)
L°T2 | 0°€TT| 2°€8 | G'SOT| £'8L | 2'€U | 9°ZL | ¥'19|T'2L | L°4S | 1°6 | 9°09 | 0°'IG| T°9S| G /¥ SSeul 92LA3p |edLJUayds
9z |00 | 0'0c | 812 | 812 | 9°¢ [0°0c | 00£|8'T2| 812 | 92| 0°05 | 0°0£|8I2|8'1e abeyng
0 |02 0'2 | L4 | Lt 0 |0z |02 |LL | L4 002 |0¢ |4L |1t jue| [adoad padded]
I'61 | 0°18 | z°16 | 0°9Z | 267 | 9°0T | 9G¥ | ¥'62]9°2v | 2°82 | G'9 | 9'82 | 0°61] 9°92| 0°8T |y o4empaey uoLs|ndxa [edidayds
S4appeLq 2143wA[0d

1 ¥ Z ¥ 2 1 1 2 1 2 1 ¥ 2 ¥ 2 sjuel 40 ‘ON

g oy Ty g ¢y Ty q ey Ly UOLSSLY

1993S SSaLULRIS TH0€ 7Y (€1) 202 wntueill Ap-7y9 Letdagey

ySubeaydeLq pue susppe|g dLJ4sWA|0d 404 sjybLoyM aoLA3Q p-IIT1 9Lqel




MCR-70-171 I11-27

Bladders should be fabricated smaller than the tank
to avoid tears and pinholes due to wrinkling. However, shrinkage
during curing must be controlled so that the bladder is large
enough to seat against the tank wall without exceeding the elastic
limit of the polymeric material. If yielding should occur, it is
normally a local rather than uniform phenomenon which generates
stresses that can lead to catastrophic failure.

A constantly recurring fabrication problem with mul-
tiple layer polymeric films is delamination. This is usually a
local problem that results in blisters on the material. 1In gen-
eral, these areas grow with continued loss of adhesion resulting
in degraded mechanical properties of the polymeric laminate.

Teflon bladder fabrication for MMH and N0, bipropel-
lant systems and EPR or EPT diaphragm molding for use with ni-
trated hydrazine are state-of-the-art processes. However, none
of the materials for potential use with OF, has been formed or
tested as a bladder or diaphragm. Many of these materials have
not even been characterized. Those polymerics whose physical
properties have been studied show characteristics that would make
conventional manufacturing questionable, and it is problematical
if satisfactory producibility could be achieved in the 1975 time
period. Some polymeric hydrocarbons potentially useful with B,Hg,
such as Mylar, polyethylene, and polycarbonate, show slight
promise when multi-ply materials for diaphragm or expanding
bladder designs are employed. Fabrication experience is avail-
able for the multi-ply construction with these polymeric hydro-
carbons.

3) Subscale Test Scalability - Scalability for bladder
or diaphragm testing is not required. Full scale system testing
is possible and required for polymeric bladders and diaphragms.
Structural testing, development testing, and qualification test-
ing of polymeric bladders or diaphragms must be done full scale
because of the expulsion action and inherent difficulty with
scalability. Propellant compatibility and permeability tests
can be performed on material samples. Table III-5 lists some
tests required for polymeric bladder or diaphragm systems.
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Table I1I-5 Polymeric Bladder/Diaphragm Testing

TEST ITEM | FULL SCALE TEST DESCRIPTION
Material No Propellant decomposition

Propellant permeability
Pressurant permeability =
Polymeric material compatibility:
Specific gravity
Flexural modulus
Ultimate tensile and elongation
Compression set

Hardness

Tear strength

Volume swell and linear shrinkage
Blistering and delamination.

Functional -

evaluation Yes Leakage
Cycle Tlife
Slosh

Internal/external loads
Temperature cycling

Expulsion efficiency
Expulsion kinematics:
Polymeric material folding
Liquid/gas phase separation

d. Compatibility with Adjacent Components and Propellants

1) Propellant/Material Compatibility - Material compati-
bility becomes a formidable problem for polymeric materials be-
cause of the known chemical activity between the propellants and
the polymeric materials. However, the chemical kinetics are not
known well enough so that rate processes can be predicted.

Chemical and thermal compatibility between the pro-
pellants and the polymeric materials are problems for Mission Aj.
Chemically inert polymeric films having high flex life at cryo-
genic temperatures are not available for Mission Aj. Poly-
meric materials suitable for use in the presence of OF, (NBP
230°R) and B,Hg (NBP 325°R) are the subjects of current research
(Ref 1II-15, ITI-16, III-12). Polymeric bladder and diaphragm
designs for cryogenic applications employ the multi~ply material
that retards pinholing by constraining the film to larger and
smoother bends. The multiple layers of material (usually unbonded)
function analogously to a labyrinth seal in controlling leakage
between the gas side and the liquid side of the tank through the
unavoidable pinholes. These leaks constitute an anomalous failure
that might reach severe proportions during a long duration mission.
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Only polyfluorocarbons can be considered for use with
OF5 because the hazards of fire and explosion exist with polymeric
hydrocarbons in contact with OF, (Ref III-17). It is possible for
OF, and fluorocarbons such as Teflon to react violently, although
the initiation of these reactions is difficult (Ref III-12).
HFB-2 (hexafluorobutyne-2) and perfluoro mono- and diisocyanates,
in the synthesis stage, are materials with potential application
(Ref III-15). Polyperfluorobutadiene is a chemically inert elas—
tomeric polymer with predicted mechanical properties superior to
Teflon (Ref III-16). However, bladder/diaphragm design data are
not yet available for these new materials. Some polymeric hydro-
carbons, such as polyesters (duPont Mylar), polyethylene (Union
Carbide Zendel), and polycarbonate (GE 2346-63), are chemically
compatible with B,Hg (Ref III-12). Teflon is another possible
material.

It has been found that none of the polymeric materials
selected for testing with either oxygen difluoride or diborane
had a flex resistance of more than a few cycles at temperatures
below 380°R in an inert Freon liquid. In tests with OF,, an FEP
Teflon underwent about 8 cycles to failure. Mylar survived 5 to
7 cycles before failure in BoHg (Ref III-12).

The best contemporary polymeric materials for bladders
or diaphragms for use with oxygen difluoride and diborane are FEP
Teflon and Mylar, respectively. However, the chemical and/or
structural characteristics of both of these materials are con-
sidered unsatisfactory for the low temperature application of
Mission Aj. There is no positive indication that adequate poly-
meric films will be found for OF, and B,Hg bladder or diaphragm
expulsion systems.

There are several polymeric materials that are suffi-
ciently inert for Mission A;. Polyethylene and Teflon are candi-
dates for MMH and Teflon is a good material for N,0,. Poly
(cyclized 1, 2~polybutadiene) tolyl urethane (CPBU) elastomeric
composites may develop into superior bladder/diaphragm material
for use with N,0y within the development period 1975. CNR
(carboxy-nitroso rubber) is an elastomeric material highly re-
sistant to N,0,, but it exhibits vapor permeability 80 times
greater than Teflon. North American, Rocketdyne, has exposed
Teflon bladders to N,0, and MMH for one year and then expelled
997% of the propellants at 350 psig without incurring a bladder
leak. There was no apparent degradation in the bladder seal and
only 5 to 7% reduction in tensile strength. The selection of
Teflon for Mission Ay would provide valuable hardware interchange-
ability.
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No experimental verification exists for polymeric
material/propellant compatibility for Mission B application con-
sidering both the propellant and the 10-yr duration. Since ni-
trated hydrazine (75/25 N,H,/N,HgNO3) is homologous with hydra-
zine (N,H,), an adequately stable polymeric material might be
found for this application. Improvements in Teflon are being
made, making it a leading prospect for Mission B. Ethylene pro-
pylene copolymers (EPR) and terpolymers (EPT) are chemically com-—
patible elastomers in wide use with hydrazine. EPR and EPT suffer
little structural degradation and produce only slight hydrazine
dissociation when carbon black fillers are avoided. However, the
rate of decomposition of nitrated hydrazine would probably be
greater than that for hydrazine. Experimental assessment of the
effects of long~term exposure of polymerics to nitrated hydrazine
is a prerequisite for serious consideration of these materials
for Mission B.

In summary, there are no polymeric materials suitable
for use in bladders or diaphragms on either Missions A; or B at
the present time. The best bladder and diaphragm materials for
Mission A, are polyethylene or Teflon for MMH and Teflon for
NzOL, ®

2) Pressurization System Compatibility - All polymeric
materials are permeable to helium or nitrogen pressurant gas.
Attempts to provide zero-permeability bladders with metallic foil
coatings show little promise of success for long duration missions.
Consequently, there will be a problem of pressurant dissolution in
the propellant., Gas saturation and subsequent formation of a
pressurant bubble within the polymeric bladder can be expected.

As a result, a liquid/gas phase separator is required in the out-
let systemn.

3) Tankage Compatibility - Polymeric bladders and dia-
phragms can be successfully employed in almost any volume of
revolution. Experience with spherical and cylindrical tankage
is profuse. Spherical bladders may not perform as well as cylin-
drical bladders because of the larger girth dimension and contin-
uous curvature that increase the wrinkling and folding during
collapse.
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The cross-sectional area to wall surface area ratio
is the critical design parameter for diaphragm geometry. High
values of this area ratio result in less diaphragm contortion
during translation. Therefore, spherical tanks are a more de-
sirable configuration for diaphragms than high L/D cylindrical
tanks, that may require auxiliary tank and diaphragm structure
or even novel designs such as roll-and-peel, or bathtub diaphragms.
Tank size is presently a more significant limitation than tank
shape on polymeric bladder or diaphragm applications. The maximum
linear dimensjon to which polymeric bladders and diaphragms have
been fabricated is on the order of five feet.

4) Performance - Bladders and diaphragms are not inherent-
ly limited by burn time variations, number of engine restarts, or
acceleration variations. However, secondary effects of off-load-
ing, which permits mechanical working of the polymeric material
due to vibration, slosh, or off-axis acceleration, do contribute
to deterioration of structural integrity.

e. Performance Testability

1) Verification of Operational Readiness - Acceptance
testing of bladders and diaphragms. can be performed by leak check-
ing, vibration testing, and expulsion testing. Since bladders
and diaphragms are not passive expulsion systems, the polymeric
material is degraded with each exercise, increasing the potential
of failure on the next expulsion in spite of acceptable perform-
ance during the test. Consequently, vibration and expulsion test-
ing for bladder or diaphragm acceptance are not recommended.

Leak checking bladders and diaphragms can be difficult
because of polymeric material permeability and trapping of gas
pockets in folds or between the device and tank hardware. If the
expulsion system is leak-tested with a gas pressurant, it is hard
to distinguish the bubbles expelled due to general permeation
(normal) from bubbles resulting from pinholes or tears (abnormal).
The polymeric materials tend to squirm during collapse or seating
against the tank wall. Periodically, trapped gas that may appear
to be a leak is released. The Teflon bladders used on the bipro-
pellant ACS and the EPR-132 diaphragms used on the monopropellant
ACS for Transtage had significant leak checking problems attrib-
utable to these phenomena.® In contrast, the Teflon bladders for

*Transtage monopropellant ACS diaphragms were pressurized hy-
draulically (with liquid pressurant on the ullage side and gaseous
nitrogen on the propellant side). Gas trapped in the wrinkles and
folds of the diaphragm continued to discharge bubbles for several
hours as the polymeric material continued to squirm after the dia-
phragm had been seated against the tank wall.
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the primary propulsion system on Mariner '71 have not encountered
the problem.®* The polymeric material permeability and slow squirm-~
ing action represent generic disadvantages to leak-checking bladders
and diaphragms.

2) Development Status - Many bladder systems similar to
a Mission A, system have been developed, qualification tested, and
flown. The Apollo Lunar Module, Command Module and Service Module,
the S-IVB Auxiliary Propulsion System, and Lunar Orbiter are prime
examples. The Mariner '71 propulsion tankage is currently under
development for a mission similar to Mission Ay. There has been
no bladder or diaphragm development test experience with the ni-
trated hydrazine. The Mission B duration, which is an order of
magnitude greater than any current experience, is the biggest risk
factor and polymeric materials are not considered attractive at
the present time. Full-scale geometry testing of any polymeric
bladder or diaphragm designs for Mission A, can and should be per-
formed if they are selected for use.

The test experience with polymeric materials for use
with OF, or B,yHg cryogenic propellants has shown numerous compati-
bility and structural problem areas. At this time, the use of
polymeric bladders or diaphragms cannot be recommended for Mission -
Ay. The product level development of polymeric films capable of
chemical compatibility with the Mission A; propellants, while
satisfying the structural integrity and performance requirements
imposed by the cryogenic environment, are not envisioned within
the 1975 time period (Ref III-5 and III-7).

Dilectrix (Ref III-6) indicated several state-of-the-
art advances that may be anticipated for the 1975 time period.
Increasing molecular weight of the raw polymer significantly in-
creases flex fatigue life of the Teflon film structures. At least
an order of magnitude increase in flex fatigue life in Teflon film
composites fabricated from a high molecular weight FEP dispersion
was measured in rolling fold crease tests at 12°F. Further im-
provements may be gained by optimizing the molecular weight of
the TFE faction. Additional advances in the physical integrity
of polymeric films may involve the incorporation of compatible
fibrils within the film structure. ' ’

#The Transtage bipropellant ACS bladders were constructed of
unbonded plies of Teflon, sealed at the neck only. Helium per-
meating the outer plies formed gas pockets trapped between the
plies. The gas would then appear later on the propellant side
after permeating the inner plies. Mariner '71 uses all-bonded
bladders with no space between plies which appears to have aided
leak checking.
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C. METALLIC BLADDERS AND DIAPHRAGMS

The operational principle for these expulsion devices is sim—
ilar to the polymeric bladders and diaphragms, as discussed in
Section B, Liquid expulsion is achieved by collapsing or expand-
ing a thin metal barrier located within the propellant tank. Me-
tallic bladders developed to date, completely enclose the propel-
lant and collapse under a positive differential pressure applied
across the thin barrier during expulsion. Metallic diaphragm
systems do not completely enclose the propellant and allow pro-
pellant contact with the tank. Diaphragms are available in at
least two basic barrier designs: a preformed, metal sheet which
unfolds into the propellant side; and a preformed, metal envelope
which conforms to one-half of the storage tank and reverses itself
during expulsion.

The metal barrier eliminates the permeation problems posed by
the polymeric bladders and diaphragms and ensures more positive
control (constrains movement) of the propellant. As with th